METHODS To identify studies on AVM prevalence and characteristics in the HHT population, 4 databases (MEDLINE, EMBASE, Scopus and Web of Science) were searched by a reference librarian with over 30 years experience in systematic reviews and meta-analysis. The search period was January 1, 1990-March 2016. The following search terms were used: hereditary hemorrhagic telangiectasia, Osler-Weber-Rendu syndrome, AVM, brain AVM, arteriovenous malformation, arteriovenous fistula, prevalence, and epidemiology. The authors identified studies that examined the prevalence rates, characteristics, and clinical presentation of cerebral AVMs in patients with HHT. They assessed overall AVM prevalence rates as well as prevalence rates by age, sex, HHT type, and country/region. They also systematically reviewed the characteristics of AVMs, including rupture status, location, clinical presentation, angioarchitecture, and Spetzler-Martin grade. Data were analyzed using a random-effects meta-analysis model. RESULTS Thirty-nine studies were included in this meta-analysis. Thirty studies examined brain AVM prevalence rates in various HHT patient populations, and 18 studies examined AVM clinical and angiographic characteristics (9 studies examined both prevalence rates and AVM characteristics). The prevalence of brain AVMs in HHT patients was 10.4% (95% CI 7.9%-13.0%) with no significant difference between males (8.5%, 95% CI 4.9%-12.0%) and females (11.0%, 95% CI 5.9%-16.1%). Patients with HHT Type 1 (HHT1) had a significantly higher brain AVM prevalence (13.4%, 95% CI 9.5%-17.4%) compared with those with HHT Type 2 (HHT2) (2.4%, 95% CI 1.0%-3.8%) (p < 0.0001). In 55.2% (95% CI 38.3%-72.1%) of cases, the AVMs were symptomatic. Spetzler-Martin grade was 2 or less in 86.9% (95% CI 67.5%-95.2%) of patients. CONCLUSIONS The prevalence of brain AVMs in the HHT population is about 10%. HHT1 patients are significantly more likely to have brain AVMs than HHT2 patients. Most AVMs in the HHT population are symptomatic. The SpetzlerMartin grade for these lesions is 2 or less in nearly 90% of patients. -including 1) spontaneous and recurrent epistaxis, 2) mucocutaneous telangiectasias (lips, oral cavity, face, and fingers) 3) visceral (or CNS) AVMs (brain, liver, gastrointestinal, lung, etc.), and 4) diagnosis of HHT in a first-degree relative using the same criteria.
H ereditary hemorrhagic telangiectasia (HHT) is an autosomal-dominant disorder affecting vascular beds in multiple organ systems. Pathognomonic vascular lesions in HHT include arteriovenous malformations (AVMs) and telangiectasias of the skin, mucous membranes, and visceral organs (including the lung, liver, and gastrointestinal tract), brain, and spinal cord. 37 Patients are diagnosed with definite HHT if they meet at least 3 of the 4 Curacao criteria 44 -including 1) spontaneous and recurrent epistaxis, 2) mucocutaneous telangiectasias (lips, oral cavity, face, and fingers) 3) visceral (or CNS) AVMs (brain, liver, gastrointestinal, lung, etc.), and 4) diagnosis of HHT in a first-degree relative using the same criteria.
Over the past 2 decades, genetic studies have success-fully isolated the genes responsible for more than 95% of definite HHT cases. These mutations affect the TGFb signaling pathway leading to downstream changes in vascular cell proliferation which ultimately result in the formation of telangiectasias and arteriovenous malformations (AVMs) in multiple organ systems, including the brain. The major genetic loci associated with HHT include the endoglin gene (ENG, chromosomal location 9q34), mutations of which result in HHT Type 1 (HHT1); the ACVRL1 gene (ALK1, chromosomal location12q13), mutations of which result in HHT Type 2 (HHT2); and the MADH4 gene (SMAD4, chromosomal location 18q21), mutations of which result in the combined syndrome of juvenile polyposis and HHT (JP/HHT).
HHT patients can present with a variety of CNS complications, including vascular malformations of the brain. Over the past several decades, there has been increasing interest in studying the prevalence of brain AVMs in the HHT population as well as their associated clinical presentation and angioarchitectural characteristics. 6, 7 To better understand the prevalence, clinical presentation, and characteristics of brain AVMs in the HHT population, we performed a systematic review and meta-analysis of large case series and population-based studies. The aims of the present study were 1) to determine the overall prevalence of brain AVMs in the HHT population, 2) to investigate prevalence rates by demographic characteristics and HHT type, 3) to examine the clinical presentation of AVMs in HHT patients (including rupture status and symptomatic status), and 4) to study the imaging and angioarchitectural characteristics of brain AVMs in the HHT population.
Methods

Literature Search
For this study we followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) recommendations. To identify studies on AVM prevalence and characteristics in the HHT population, 4 databases (MEDLINE, EMBASE, Scopus, and Web of Science) were searched by a reference librarian with over 30 years of experience in systematic reviews and meta-analysis. The search covered the period from January 1, 1990, to March 2016. The following search terms were used: hereditary hemorrhagic telangiectasia, Osler-Weber-Rendu syndrome, AVM, brain AVM, arteriovenous malformation, arteriovenous fistula, prevalence, and epidemiology. For MEDLINE/EMBASE, we used the following search terminology: hereditary hemorrhagic telangiectasia.mp., osler weber rendu.mp., exp Arteriovenous Malformations, exp brain. For Scopus we used the following search terminology: (TITLE-ABS-KEY ((osler W/3 (rendu OR weber)) OR "hereditary haemorrhagic telangiectasia*" OR "hereditary hemorrhagic telangiectasia*") AND TITLE-ABS-KEY ((brain AND (avm OR avms OR (av W/2 (malformation* OR fistula*)) OR arteriovenous)))). For Web of Science we used the following search terminology: (((Osler SAME (rendu OR weber)) OR "hereditary h#emorrhagic telangiectasia*")) AND TOPIC: (brain AND (avm OR avms OR (av NEAR (malformation* OR fistula*)) OR arteriovenous)). We also searched references from multiple articles to find any additional studies on the prevalence and characteristics of brain AVMs in the HHT population.
We then screened all abstracts and titles of the articles retrieved from the literature search. We then retrieved the full-text publications of all studies that passed the first screen. Studies were assigned to one or both of the following categories: 1) those that looked at brain AVM prevalence rates and 2) those that looked specifically at AVM imaging and clinical characteristics or both. Separate meta-analyses were performed for each of these categories. Inclusion criteria for the studies included in the brain AVM prevalence study meta-analysis were the following: 1) consecutive series of at least 10 patients with brain imaging studies performed on all patients in the study to evaluate for AVMs and 2) patients with definite or probable HHT (meeting at least 2 of the Curacao criteria) or those with a genetic test confirming HHT. Inclusion criteria for studies included in the brain AVM clinical characteristics meta-analysis were the following: 1) consecutive series of at least 5 HHT patients with confirmed brain AVMs and 2) description of rupture status, clinical presentation, and angiographic/anatomical characteristics of brain AVMs in all patients. All case reports, review articles, and articles written in a language other than English without an available translation were excluded. Following retrieval of all articles that met the criteria for inclusion, we documented the institution and time period from which the patients were evaluated to avoid overlap and double counting of patients. In cases where there was overlap in patient populations between studies, only the larger or most detailed study was selected for our metaanalysis.
Data Abstraction
All data were abstracted by 1 reviewer with 6 years of experience in meta-analysis techniques. From each article, the following baseline data were collected: institution, study time period, imaging modality used to screen for brain AVMs, number of HHT patients, number of HHT patients with an AVM, sex, mean age/age group, region/ country of origin, HHT type, proportion of patients with multiple AVMs, AVM rupture status, AVM symptomatic status, Spetzler-Martin grade, deep venous drainage, AVM location, AVM size, and AVM angioarchitecture. Brain AVMs were categorized as 1) nidal AVMs (size ≥ 1 cm), 2) micro-AVMs (size < 1 cm), and 3) pial arteriovenous fistulas (AVFs).
Outcomes
For the brain AVM prevalence meta-analysis, outcomes included overall AVM prevalence and AVM prevalence by sex, age group (adult vs pediatric), HHT type (HHT1 versus HHT2), and geographic region (North America, Europe, and Australia/Asia). We did not include the juvenile polyposis/HHT syndrome as part of our HHT type analysis because there were too few articles reporting prevalence of brain AVMs in this population. For the brain AVM clinical characteristics metaanalysis; the following outcomes were studied: AVM multiplicity, AVM rupture status, AVM symptomaticity status (overall symptomatic, symptomatic unruptured, overall asymptomatic), SpetzlerMartin grading scale, location, size less than 3 cm, and AVM type.
Risk of Bias
Risk of bias was assessed by modifying the NewcastleOttawa grading scale. Factors that favored a lower risk of bias were the following: 1) prospective screening study of all patients with HHT, 2) clearly defined imaging protocol (i.e., MRI field strength, sequences, techniques, etc), 3) clear definition of patient groups (i.e., sex, age, HHT type, etc.), and 4) clear definition of AVM characteristics and clinical manifestations.
Statistical Analysis
We estimated from each cohort the cumulative prevalence and 95% confidence interval for each outcome. Rates of each outcome were pooled in meta-analysis across studies using the random-effects model. 9 Anticipating heterogeneity in effect size between studies, we chose this model a priori because it incorporates both within-study variance and between-studies variance. Heterogeneity of treatment effect across studies was evaluated using the I-squared (I 2 ) statistic, in which an I 2 value greater than 50% suggests substantial heterogeneity. 21 Chi-square analysis was used to compare outcomes between groups when appropriate. Statistical analysis was performed using the software program OpenMeta[Analyst] (http://www.cebm. brown.edu/openmeta/).
Results
Literature Search Results
The initial literature search yielded 395 unique studies. Of these, 200 were excluded upon review of the abstract and titles alone. The remaining 195 full-text articles were then reviewed individually for inclusion in our study. Of these, 80 were excluded because they did not specifically screen for the presence of brain AVMs in the HHT population, an additional 66 articles were excluded because they did not meet the above-mentioned inclusion criteria. The remaining 49 articles were then further evaluated, and data were abstracted from them. Of these 49 articles, 10 were excluded due to definite overlap in patient population. In total, 39 articles were included in our study. Thirty articles reported AVM prevalence rates in the HHT population and 18 studies reported the characteristics of brain AVMs. Risk of bias was low or medium in 28 of the prevalence studies and 16 of the AVM characteristic studies. A flowchart summarizing our literature search process is provided in Fig. 1 . A summary of included studies is provided in the Supplementary Tables.
HHT AVM Prevalence Rates
A summary of HHT AVM prevalence rates by patient group is provided in Table 1 . In assessing overall brain AVM prevalence rates, a total of 5381 patients were included. The overall AVM prevalence rate was 10.4% (95% CI 7.9%-13.0%). The forest plot is provided in Fig.  2 . There was no significant difference in the prevalence of brain AVMs in male (8.5%, 95% CI 4.9%-12.0%) and female patients (11.0%, 95% CI 5.9%-16.1%) (p = 0.67). There was no significant difference in the prevalence of brain AVMs in pediatric (12.2%, 95% CI 6.0%-18.3%) and adult patients (9.0%, 95% CI 7.2%-10.8%) (p = 0.08). Patients with HHT1 had an AVM prevalence rate of 13.4% (95% CI 9.5%-17.4%), compared with a prevalence rate of 2.4% (95% CI 1.0%-3.8%) (p < 0.0001) in the HHT2 group (Fig. 3) . There was no statistically significant difference in AVM prevalence rates by population studied.
HHT AVM Characteristics
A summary of HHT brain AVM patient, anatomical, and angioarchitectural characteristics is provided in Table  2 
Study Heterogeneity
Heterogeneity of treatment effect across studies was evaluated using the I 2 statistic, in which I 2 > 50% suggests substantial heterogeneity. 21 For the prevalence studies, I 2 values were above 50% for the overall prevalence estimate, prevalence in adult populations, and prevalence in European populations. I 2 values were less than 50% indicating lack of substantial heterogeneity for the prevalence in pediatric populations, prevalence by gender groups, prevalence by HHT type, and prevalence rates in North American and Australian/Asian populations.
For the AVM characteristic studies, I 2 values were above 50% for rupture status, symptoms on presentation, Spetzler-Martin grade of 2 or less, AVM size, AVM type, and AVM multiplicity. I 2 values were less than 50% for AVM location.
Discussion
Our systematic review and meta-analysis of the literature on the prevalence and characteristics of brain AVMs in the HHT population demonstrated a number of interesting findings. The overall prevalence of brain AVMs in the HHT population was approximately 10% with no difference by sex, age, or population studied. Patients with HHT1 were significantly more likely to have brain AVMs than HHT2 patients were (13.4% vs 2.4%). AVM multiplicity was found in 42.2% of patients. Most of the HHT-associated AVMs were small and had a low Spetzler-Martin grade. However, 20% of these AVMs presented with rupture and nearly 50% of brain AVMs were symptomatic. These findings are important as they provide more information regarding the prevalence and clinical characteristics of brain AVMs in the HHT population.
Depending on the population being studied, the prevalence of brain AVMs in patients with HHT ranges from 2% to 20%. 1, 2, 4, 8, 12, 30, 38, 39, 42, 43 Because of this wide variability, large studies such as ours are important as they provide a more comprehensive representation of the overall prevalence of brain AVMs in HHT. Smaller single-center studies are limited in their ability to detect differences in AVM prevalence rates between various patient populations (i.e., sex, age, etc.). Due to the large sample size of this meta-analysis, our study clearly demonstrates that there is no association between AVM prevalence and sex, age, or geographic location. As demonstrated in our study, in general, the rate of cerebral AVMs has been shown to be higher in patients with ENG mutations than in those with ALK1 (ACVRL1) mutations. 4, 12 In our meta-analysis, over 40% of patients had multiple AVMs. Lesion multiplicity is thought to be a hallmark of HHT, with prior studies showing that up to 60% of patients have at least 2 brain AVMs. 7, 28, 29 Based on the high prevalence of cerebral AVMs in the HHT population, most experts agree that a screening MRI study is warranted for children and for adults who have not been previously screened. 14 The lack of difference in the prevalence of brain AVMs by patient age group is important for a number of reasons. As there is no evidence of an increased prevalence of brain AVMs in adults compared with the pediatric age group, these findings suggest, but do not prove, that a vast majority of brain AVMs form very early in life and that the rate of de novo formation of brain AVMs in the HHT population is exceedingly low. While there have been case reports demonstrating de novo brain AVM formation in this population, it has not been shown in a large-scale prospective screening study. 11, 30, 33, 46 These findings, along with ours, which demonstrate no age-related increase in AVM prevalence, support the notion that repeat screening for brain AVMs is likely not clinically indicated. However, additional prospective studies are needed to confirm these findings.
Most experts agree that patients with HHT should be screened for cerebral vascular malformations at least once during their clinical evaluation. Those who disagree with this recommendation generally cite lack of evidence for benefit of screening in children and lack of evidence of treatment efficacy for asymptomatic cerebral vascular malformations in children. Our findings, however, suggest that approximately 20% of HHT patients with brain AVMs will suffer from AVM-related hemorrhage, and about 50% of HHT patients with brain AVMs have symptoms related to the brain AVM, including headache, seizure, and/or focal neurological deficit. Given the high proportion of patients who end up experiencing symptoms or hemorrhage related to their brain AVMs, our study provides additional supportive evidence for those who advocate screening in both the adult and pediatric population. Ultimately, the decision to treat these lesions should be made on a caseby-case basis. However, there is growing evidence in the literature that AVMs in patients with HHT can be treated safely with surgical, endovascular and radiosurgical techniques. 19, 26, 27, 34, 45, 51 Our study demonstrated a number of interesting findings regarding the angioarchitecture of brain AVMs in the HHT population, especially when compared with the sporadic AVM population (Table 3) . First, a vast majority (> 80%) of the these AVMs in patients with HHT were smaller than 3 cm, supratentorial, and had a Spetzler-Martin grade of 2 or less. However, in the sporadic AVM population, the mean AVM nidus size is about 3 cm and the median Spetzler-Martin score is 3, suggesting that at least 50% of sporadic AVMs have an Spetzler-Martin grade of 3 or higher. 22 A high proportion of AVMs in the HHT population (approximately 10%) are direct pial AVFs. Pial AVFs are defined by a lack of a nidus between the feeding artery and draining vein-i.e., a single hole with a pouch with direct arteriovenous shunting. 28, 29 These lesions are exceedingly rare in the patients with sporadic AVMs, accounting for less than 2% of lesions. 18 Nidal AVMs and micro-AVMs/capillary vascular malformations made up the majority of AVMs in this meta-analysis. Nidal AVMs are arteriovenous connections with an intervening nidus with the presence of a shunt or early draining vein. 7, 28, 29 About half of these lesions do present with symptoms, and in a substantial proportion of cases, the AVM has ruptured. Micro-AVMs are also known as capillary malformations. These lesions lack shunting on angiography and have no dilated feeding arteries or veins. Rather they are characterized by a blush of abnormal vessels in the capillary phase. 7, 28, 29 In general, micro-AVMs are thought to be benign and asymptomatic and, like pial AVFs, are likely exceedingly uncommon in patients with sporadic AVMs.
A few prior studies have examined the natural history of brain AVMs in the HHT population. These studies are limited by the fact that AVMs that present as symptomatic or have more aggressive angioarchitectural features are more likely to be managed surgically and thus would not be included in such studies. In a Dutch study of 29 patients with cerebral vascular malformations, including 22 patients with AVMs, a bleeding risk of 0.4%-0.7% was found for AVMs. 48 However, the natural history calculations were based on the age of the patient, with the assumption that the AVMs were congenital, rather than AVMs which were followed found a rupture rate of 1.3% per patient year and 0.7% per AVM year, but a substantial proportion of these lesions were small microAVMs, lesions that are almost universally benign. 50 Two small studies have examined the natural history of these microAVMs. A study of 22 patients with 42 capillary vascular malformations/micro-AVMs found that none of these lesions ruptured or became symptomatic after over 200 lesion-years of follow-up. 5 In another study, Matsubara et al. also found that none of the micro-AVMs in their series had ruptured on follow-up.
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Limitations
Our study has limitations. First, I 2 values were above 50% for many of the estimates, suggesting substantial heterogeneity in the reporting of outcomes. For the prevalence study, many of the studies were retrospective single-institution series as opposed to prospective screening studies. It is possible that these studies could overestimate the proportion of AVMs due to selection biases. Various techniques were used in screening patients for AVMs in these series, including MRI, MR angiography (MRA), CT angiography (CTA), and digital subtraction angiography (DSA). It is well established that DSA is the most sensitive imaging modality for detection of brain AVMs. In fact, many micro-AVMs may be undetectable on MRI or MRA and may only be seen on DSA. Another limitation to this meta-analysis is the fact that it is possible that there was overlap in the patient populations in some of the studies, even though the search strategy was designed to eliminate double counting as much as possible. Because many studies lumped multiple AVM types (i.e., micro-AVM, nidal AVM, capillary vascular malformation, and pial AVF) in their size measurements, we are unable to determine the mean nidus size of each individual type of AVM.
Conclusions
Our systematic review and meta-analysis of AVM prevalence and characteristics in the HHT population demonstrated that these lesions are found in approximately 10% of HHT patients. Patients with HHT1 were significantly more likely to have brain AVMs than those with HHT2. Roughly half of brain AVMs in the HHT population are symptomatic and 80% have a Spetzler-Martin grade of 2 or less. Sex, age, and geographic region were not associated with AVM prevalence. Further studies are needed to determine the ideal screening and treatment protocols for brain AVMs in the HHT population.
